Background: Hundreds of naturally occurring milk peptides are present in term human milk. Preterm milk is produced before complete maturation of the mammary gland, which could change milk synthesis and secretion processes within the mammary gland, leading to differences in protein expression and enzymatic activity, thereby resulting in an altered peptide profile.
Introduction
Human milk contains hundreds of naturally occurring peptides derived from intramammary disassembly of milk proteins (1) (2) (3) (4) by milk proteases, including plasmin (5) , cathepsin D (6) , and elastase (7, 8) . Many of the released peptides have high homology to known antimicrobial and immunomodulatory peptides (1, 4) , and milk peptides as an ensemble kill Escherichia coli and Staphylococcus aureus (1) . Preterm milk (from mothers who give birth at <37 wk gestation) has higher protein concentration (9) , higher energy content (10) , higher lipid concentration (10) , an altered FA profile (11) , lower lactose (after the first week) (10) , and higher sodium, chloride, magnesium, and iron (12) compared to term milk. Chromogenic enzymatic assays show that preterm milk has higher plasmin activity than term milk (13) . We previously demonstrated that plasmin is the main protease that hydrolyzes term human milk proteins in the mammary gland (8) . We hypothesized that the higher plasmin activity in preterm milk results in increased released peptides compared to term milk with potential biological consequences for the preterm mother and infant.
Ferranti et al. (2) found, via matrix-assisted laser desorption ionization and electrospray MS, >100 peptides originating from a s1 -, b-, and k-casein in milk samples obtained from 1 mother within the first week after premature delivery at 25 wk gestation. A large number of identified peptides in the preterm motherÕs milk were also found in 2 term mothersÕ milk samples, which suggests that the same enzymatic mechanisms are at play in both preterm and term milk. Armaforte et al. (13) found via 2D-SDS-PAGE, in-gel trypsin digestion, and MS that low molecular weight casein fragments were overexpressed in preterm milk compared to term milk, whereas intact a s1 -and b-casein were present at lower concentrations in preterm than term milk. These findings suggest that more degradation of casein occurs in preterm milk than term milk, which coincides with the finding that plasmin activity is higher in preterm milk (13) .
In this paper, we report profiles and comparisons of the peptides, both qualitatively and quantitatively, in term and preterm milk samples over lactation with nano-LC tandem MS. We examine the patterns of enzymatic protein degradation in term and preterm milk. Finally, we examine the peptides produced for homology to known functional peptides.
Methods
Sample collection. Informed consent was obtained from all mothers participating in the study, and the study was approved by the UC Davis Institutional Review Board. Human milk samples were collected from 14 healthy mothers who delivered preterm infants (24-32 wk gestation) and from 8 healthy mothers enrolled in the UC Davis Foods for Health Institute Lactation Study who gave birth to term infants (37-41 wk gestation) (clinicaltrials.gov identifier NCT01817127). Preterm infants were in the neonatal intensive care unit of the UC Davis Medical Center in Sacramento, CA. Samples were collected from 2 to 58 d after parturition by pumping on-site or at home with clean electric breast pumps into sterile plastic containers and stored immediately at 220°C. The breast was cleansed with water on a washcloth (no soap or alcohol) before pumping. Samples were transported to UC Davis on ice and then stored at 240°C. In total, 28 preterm and 32 term human milk samples were collected and divided into 4 groups based on day of collection (<14, 14-28, 29-41, and 42-58 d) . The number of observations in each day of lactation group for term and preterm samples is shown in Table 1 . Specific dates of collection for each mother are shown in Supplemental  Table 1 . Subject characteristics, including gestational age at birth, maternal age, parity, birth mode, and infant gender are shown in Supplemental Table 2 .
Sample preparation. Samples were thawed on ice. Peptides were extracted as previously described (14) with the following modifications. Briefly, 100 mL of each human milk sample was centrifuged at 16,000 3 g for 15 min at 4°C. The upper lipid layer was removed and the infranate (skim milk) was collected. The centrifugation procedure was repeated once. One hundred microliters of water and 1 mL of 10-mg/mL peptide standards stock solution (containing equal parts Leu-enkephalin, gonadoliberin, angiotensin I, and neurotensin; Peptide Calibration Standard Set; ProteoChem) were added to 25-mL skim milk for each sample. Then, 505-mL Folch solution was added and samples were centrifuged at 16,000 3 g for 15 min at 4°C. The top layer was collected and dried by centrifugal evaporation (MiVac Quattro concentrator; GeneVac). Samples were rehydrated in 100-mL nanopure water and mixed with use of a vortex mixer. Remaining proteins were precipitated with 1:1 (sample to solution) 200-g/L trichloroacetic acid, followed by mixing, centrifugation, and collection of the supernatant. Supernatants were applied to a 96-well C18 solid-phase extraction plate to purify peptides and eluted as described (14) . Eluted peptides were dried by vacuum centrifugation and rehydrated in 40-mL nanopure water for quadrupole time-of-flight analysis.
Peptide concentration determination. The microplate procedure for the Micro BCA Protein Assay Kit (Thermo Scientific) was employed to measure peptide contents of each extracted peptide sample (15) . Absorbance measurements were performed with a UV-visible recording spectrophotometer (Spectra Max 340 Microplate Reader Spectrophotometer; Molecular Devices) set to 562 nm. Because color development continues even after cooling to room temperature, all measurements were taken within 10 min. Standard curves were prepared to determine the amount of peptide in each sample. R 2 values were >0.99. All samples were measured in duplicate.
Peptide analysis. Peptide analysis was performed with the Agilent nano-LC chip-cube 6520 quadrupole time-of-flight tandem mass spectrometer. Term milk samples were analyzed in MS-only mode, whereas preterm samples were analyzed in both MS/MS and MS-only modes. The chip employed contained an enrichment and analytical column packed with a C18 stationary phase connected to an electrospray ionization source. The gradient elution solvents were (A) 3% acetonitrile/0.1% formic acid and (B) 90% acetonitrile/0.1% formic acid. The gradient employed was ramped from 0 to 8% B from 0 to 5 min, 8 to 26.5% B from 5 to 24 min, 26.5 to 100% B from 24 to 42 min, followed by 100% B for 10 min, 100 to 0% B from 52 to 55 min, and 100% A for 10 min (to re-equilibrate the column). Capillary voltage was varied within the range of 1900-2000 V to maintain a stable spray. Drying gas was set to a temperature of 325°C and a flow of 3 L/min. MS-only data were collected for positive ions within an m/z window of 500-3000 at a rate of 1 spectrum/s. For MS/MS analysis, data for positive fragment ions was collected within an m/z window of 100-3000, also at a rate of 1 spectrum/s. Isolation width was set to medium (;4 amu). Collision energy was determined from precursor m/z values with use of a linear equation with a slope of 0.03600 and an intercept of 24.80 [Energy = 0.03600*(m/z) 2 4.80]. Minimum precursor ion abundance was set to 1000 ion counts (absolute) and 0.01 (relative).
Creation of peptide library. To create a peptide library, the preterm milk samples were assayed through use of the same method but with MS/ MS as described previously (14) [the library of term milk peptides used in the present study was collected previously (4)]. Peptides were identified with use of X!Tandem (16) with parameters described previously (14) .
The results from X!Tandem for all samples were compiled for all milk samples. Peptide libraries were created as described previously (4) . Peptides with e-values #0.01 were removed (a 99% confidence level threshold). The MS proteomics data have been deposited to the ProteomeXchange Consortium (http:// www.proteomexchange.org) via the PRIDE partner repository (17) with the dataset identifier PXD001079.
Peptide identification. Peak intensities for each peptide were extracted from the data as described previously (4) . The database match employed a mass error tolerance of 20 ppm and a retention time tolerance of 1 min.
Statistical analysis. The peptides identified were grouped by gestational age (preterm and term) and day of lactation (<14, 15-28, 29-41, and 42-58 d) . For statistical analysis of the peptide counts, ion abundances and concentration, and ion abundances grouped by protein, the mixed effect model with repeated measurements was applied. Gestational age and day of lactation were fixed effects, whereas the individual mothers were the random effect. More specifically, to model the number of peptides in each observation as a function of gestational age at birth and lactation stage, a generalized linear mixed-effects model with Poisson distribution was applied. To model the overall mean abundance and concentration of peptides and changes in predicted plasmin activity in each observation as a function of gestational age at birth and lactation stage, a linear mixed-effects model was applied. For examining the peak area of individual peptides, peptides not present in at least 75% of the samples of each group (either 21 preterm samples or the 24 term samples) were omitted. The peak areas of all samples were transformed into natural log scale. A likelihood ratio test in a linear mixed effect model was applied to model the intensity of each peptide as a function of gestational age at birth, the interaction effect, and the lactation stage for preterm and term samples separately. The Benjamini Hochberg False Discovery Rate method was used to correct for multiple comparisons. Unpaired equal variance two-tailed t tests were employed to compare total peptide number, ion abundance, and peptide concentration in term and preterm milk samples, as well as peptide number, ion abundance, and peptide concentration in term and preterm milk samples by protein, lactation stage, and enzyme. Values in the text are presented as means 6 SEMs. All statistical analyses were conducted in R software, version 2.15.2. For all the analyses, peptides with P values # 0.05 were deemed significantly different.
Functional annotation. Identified peptide sequences from the milk samples were searched against a library of known functional milk peptides from the literature (18) (19) (20) (21) . Peptides in the samples that completely or partially encompassed a known functional peptide were counted for the bioactive peptide table. For partial matches, peptides had to match the functional peptide in the database by at least 80% overlap.
Computational enzymatic analysis. Peptide sequences and cleavage sites were analyzed with use of an in-house program called PEnTab [available online (22) ] to estimate/predict the enzyme activity as described previously (23) . The enzyme specificity patterns used in the algorithm for evaluating cleavages are shown in Supplemental Table 3 .
Cleavage sites of cytosol aminopeptidase and carboxypeptidase B2 were determined through manual examination of peptide sequences. Peptides that could have been produced by a plasmin cleavage followed by removal of the C-terminal arginine or lysine (24, 25) were interpreted as potential carboxypeptidase B2 products under the condition that another peptide with the C-terminal arginine or lysine present was identified. Because cytosol aminopeptidase has a broad cleavage specificity and can remove single N-terminal amino acids (Uniprot, P28838), the identified peptides were manually examined for groups of peptides that showed a pattern of sequential loss of N-terminal amino acids (illustrated in Table 2 ). For a peptide within these groups to be considered a product of cytosol aminopeptidase, the presence of a second peptide with 1 additional amino acid added to its N-terminal end was required. Peptides that were produced by N-terminal removal of arginine or lysine were not counted as cytosol aminopeptidase products because the enzyme cannot cleave at the C-end of either of these residues (26) .
Grouping and visualizing peptide signals. Peptide sequences and their normalized intensities were aligned over their corresponding proteins of origin with use of an in-house script written in Python (PepEx) (23) .
Results
Overall, 445 endogenous peptides were identified with >99% confidence in the term and preterm milk samples. Of the identified peptides, only 1 was unique to term samples and 9 were only in preterm samples. The sequences of all 445 peptides are shown in Supplemental Table 4 . All identified peptide sequences are deposited along with the X!Tandem result files and MS/MS raw data in the ProteomeXchange with identifier PXD001079.
Preterm milk contains more peptide sequences. The mean number of peptides in preterm samples was significantly higher than in term samples (359 6 8.33 vs. 268 6 9.78, P = 5.41 3 10 27 ). The peptide counts were significantly higher in the first 3 lactation periods for preterm compared to term milk ( Figure 1A) .
A generalized linear mixed-effects model with Poisson distribution was used to calculate the effect of gestational age at birth (preterm and term delivery) and day of lactation on the total number of peptides present in the milk. The total number of peptides was significantly affected by term vs. preterm birth (P = 4.28 3 10 210 ) ( Figure 1 ). Neither preterm nor term milk showed a significant change over time in the number of peptides present until the last lactation stage. The effect of lactation stage became significant when the last stage was reached (P = 7.57 3 10 25 ). The interaction of maturation (term vs. preterm birth) and lactation stage also became significant at the last lactation stage (P = 7.56 3 10 213 ), which was also observed as the crossed line of preterm and term data in the last lactation stage in Figure 1 .
Peptide intensity variation. The mean total peptide intensity (peak area) was higher in preterm milk samples than in term milk samples (477,613 6 49,300 vs. 329,129 6 27,800 ion counts, P = <2.00 3 10 216 ), although deviations from the means were large ( Figure 1B) . The change over time in the mean intensity of peptides was not statistically significant in preterm or term milks, whereas the interaction term was significant in the last lactation stage (P = 2.86 3 10 25 ).
A likelihood ratio test in a linear mixed-effects model was used to calculate the effect of gestational age at birth and day of lactation on the abundance of peptides. After omitting peptides not present in at least 75% of the samples of each group (either 21 preterm samples or 24 term samples), 382 peptides remained. Among the 382 peptides, 144 were significantly affected by gestational age at birth, and 65 peptides were significantly affected by the interaction between gestational age at birth and lactation period. The P values of the likelihood ratio tests of these significantly different peptides are shown in the last 2 columns of Supplemental Table 4 .
A likelihood ratio test in a linear mixed-effects model was used to calculate the effect of day of lactation on the abundance of individual peptides. Forty-eight and 37 peptides were significantly altered over lactation in preterm milk and term milk samples, respectively (Supplemental Table 5 ).
Peptide concentration variation. The mean total peptide concentration was higher in preterm milk samples than in term milk samples (17.1 6 1.31 vs. 11.0 6 0.950 mg/ml, P = 3.76 3 10 24 ). This finding corresponds with the findings that peptide numbers and peptide ion abundances are higher for preterm milks than term milks. The peptide concentrations were significantly higher at 14-28 and 42-58 d of lactation for preterm compared to term milk ( Figure 1C ). According to the likelihood ratio test of the linear mixed-effect model, the effect of maturation (i.e., term vs. preterm) on peptide concentration is significant (P < 2.20 3 10 216 ). The change over time in the mean peptide concentration was not statistically significant (P = 5.30 3 10 22 ). Likewise, there was no significant interaction (P = 0.37).
Protein of origin. The majority of milk peptides in both term and preterm samples are derived from b-casein (54% by count).
Other major protein precursors included osteopontin (15%), a s1 -casein (12%), and polymeric immunoglobulin receptor (PIGR) (11%). In total, identified milk peptides were derived from 15 protein precursors. For further analyses, a group called ''other'' was created that includes 11 proteins for which <12 peptides were derived per protein, and includes k-casein, butyrophilin subfamily 1 member A1, mucin-1, complement C4-B, perilipin-2, apolipoprotein B receptor, bile salt-activated lipase, fibrinogen a-chain, progonadoliberin-1, neurotensin/ neuromedin N, and TNF receptor superfamily member 11B. As reported in previous articles on human milk peptidomics (1, 23) , no peptides were identified from the highly abundant whey proteins lactoferrin and a-lactalbumin or the immunoglobulins. The number of peptides released from all 4 of the major protein precursors was significantly greater for preterm milk samples than term milk samples (b-casein, P = 1.05 3 10 27 ; osteopontin, P = 1.23 3 10 23 ; a s1 -casein, P = 9.30 3 10 23 ; PIGR, P = 1.80 3 10 26 ) (Figure 2A ). Of the 4 major peptide-releasing proteins identified, peptides from a s1 -casein were most abundant despite b-casein releasing a greater number of peptides ( Figure 2B ). Peptides from b-casein (P = 1.48 3 10 23 ) and a s1 -casein (P = 4.88 3 10 24 ) were significantly higher in abundance in preterm milk than in term milk ( Figure 2B ).
The intensity of PIGR changed significantly over time (P = 4.30 3 10 22 ), but b-casein, osteopontin, a s1 -casein, and the ''other'' proteins did not change significantly over time in either the term or preterm sample groups (P = 0.63, P = 0.30, P = 0.28, P = 0.69, respectively) ( Figure 3 ). Six peptides with the same peptide sequence (RPKLPLRYPERLQNPSESSEPIPLESREEYMN GMN) but different modifications (1O; 2P 1P; 2O; 1P 2O; 2O 2D; 2P 2O 1D) were responsible for the high intensity of a s1casein-derived peptides at <14 d of lactation.
Enzyme degradation patterns. The enzyme degradation pattern in both preterm and term milk was associated with plasmin, cathepsin D, and elastase, as predicted by computational analysis. Through manual examination of the peptide data, many potential cytosol aminopeptidase and carboxypeptidase B2 cleavages were also identified ( Figure 4) . A recent study identified cytosol aminopeptidase and carboxypeptidase B2 in human milk (16) .
To assess carboxypeptidase B2 activity, we identified peptides with C-termini that may have been produced by a plasmin cleavage followed by the removal of the C-terminal lysine or arginine (24, 25) . These peptides were considered potential carboxypeptidase B2 products if the results contained a second peptide that had the corresponding lysine or arginine residue still present. A total of 53 peptide cleavage sites were attributed to carboxypeptidase B2. Predicted carboxypeptidase B2 activity was significantly higher in preterm samples (Figure 4) .
Cytosol aminopeptidase cleaves single amino acid residues from the N-terminus of peptides with broad specificity (26) . Table 1 . Asterisks indicate significant differences between preterm and term milk: **P , 0.01, ***P , 0.001. Therefore, to determine its activity, we searched the results for groups of peptides that showed sequential removal of Nterminal residues (an example is illustrated in Table 1 ). Within these groups, a peptide was considered to be a product of cytosol aminopeptidase if its N-terminal sequence displayed the loss of a single amino acid residue that was present at the N-terminus of a different peptide in the group. A total of 18 peptide cascades (a group of peptides differing by sequential loss of single amino acids) attributable by prediction to cytosol aminopeptidase activity were identified, most of which came from b-caseinderived peptides (Supplemental Table 6 ).
In both term and preterm milk, by computational prediction, the enzyme degradation pattern was most highly associated with plasmin, a protease active in human milk (13) . The intensity of peptides ascribed to plasmin cleavage was significantly higher in the preterm milk than in term milk (Figure 4 ). Changes in predicted plasmin activity over time for the term and preterm groups were not significant (P = 0.51) ( Figure 5 ).
According to our modelÕs prediction, plasmin participated in the degradation of all 4 major proteins ( Figure 6 , Supplemental Figure 1 ). Plasmin was the most prominent enzyme predicted for b-casein and osteopontin degradation. Plasmin, cathepsin D, elastase, and cytosol aminopeptidase were all predicted to play major roles in degradation of PIGR. Predicted carboxypeptidase B2 activity was most evident on a s1 -casein.
Selectivity of protein digestion. In both term and preterm milk, a s1 -casein, b-casein, PIGR, and osteopontin were digested, but other highly abundant proteins including lactoferrin, a-lactalbumin, and immunoglobulins were not digested. The proteolytic maps of a s1 -casein (Figure 7) , b-casein, PIGR, and osteopontin (Supplemental Figures 2-4 ) in preterm milk matched the patterns in term milk. For example, a s1 -casein was cleaved at the same specific site in the sequence in both term Table 1 . Asterisks indicate significant differences between preterm and term milk: *P , 0.05, **P , 0.01, ***P , 0.001. CASA1, a s1 -casein; CASB, b-casein; OSTP, osteopontin; Other, combination of all other protein precursors identified; PIGR, polymeric immunoglobulin receptor.
FIGURE 4
Predicted enzyme activity of plasmin, carboxypeptidase B2, cytosol aminopeptidase, cathepsin D, and elastase in preterm and term human milk. Values are means 6 SEMs; n = 32 for term milk, n = 28 for preterm milk. Asterisks indicate significant differences between preterm and term milk: *P , 0.05, ***P , 0.001. SEMs; n = 32 for term milk, n = 28 for preterm milk. Asterisks indicate significant differences between preterm and term milk: **P , 0.01, ***P , 0.001. CASA1, a s1 -casein; CASB, b-casein; OSTP, osteopontin; Other, combination of all other protein precursors identified; PIGR, polymeric immunoglobulin receptor.
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and preterm milk (Figure 7 ), although the intensity of a s1casein-derived peptides was higher in preterm than term milk.
Comparison of identified peptides to functional database.
Peptides in all samples were compared for sequence matches with an in-house database of known functional peptides. This search revealed that 25.4% of term and 18.9% of preterm milk peptides contained a functional sequence, or a sequence that showed 80% similarity to a functional peptide; 97.1% of these matching peptides were present in both term and preterm milk. The 4 peptides from the functional library that matched the experimental data possess antihypertensive (18) , antimicrobial (19, 27) , and immunomodulatory (21) functions. Although most of the peptides with high homology to functional peptides were present in both preterm and term milk samples, 45 of these peptides had significant differences in their mean abundances between the preterm and term groups (P < 0.05, Supplemental Table 7 ).
Discussion
This study showed that the number, ion intensity, and concentration of peptides released was higher in preterm milk than term milk ( Figure 1 ) and that plasmin activity is likely greater in preterm milk than term milk (Figure 4 ), especially in early lactation. These findings align with a previous study (13) that showed low molecular weight casein fragments to be more abundant in preterm milk (gel electrophoresis), and that plasmin activity was greater in preterm milk (chromogenic assay).
Milk plasmin and plasminogen concentrations are known to vary with the stage of lactation, lactation number (number of delivered births), and somatic cell count (28) . Plasmin activity increases as the number of lactations increases (29) . During mastitis, the somatic cell count and the endogenous proteolytic activity in milk increase substantially (30, 31) . This increased proteolytic activity in mastitis has been hypothesized to be due to an increase in plasminogen transmission from blood to milk (32) and increased protease secretion from somatic cells (33, 34) . Tight junctions of the mammary gland are leaky during pregnancy and undergo closure around parturition (35) . A previous review suggested that the mammary glands of mothers <37 wk gestation have leaky tight junctions because of immaturity (36) . We hypothesize that incomplete closure of tight junctions in the immature mammary gland of preterm mothers underlies increased leakage of proteases and protease activators into the milk, explaining the higher amounts of peptides and higher predicted plasmin activity in preterm milk compared to term milk that we observed.
Mammary epithelial cells secrete a variety of protease activators and inhibitors that influence proteolytic activity in milk, including a 2 -macroglobulin and a 2 -antiplasmin, both of which inhibit the conversion of plasminogen to plasmin, and inter a-trypsin inhibitor, which inhibits trypsin activation (34, 37) . These mammary cells also secrete tissue-type and urokinase-type plasminogen activators (38, 39) and kallikrein (39) , which cleave plasminogen to plasmin, the active enzyme form (5) . The increased proteolytic activity in preterm milk could be due to increased expression of activators or decreased expression of inhibitors in the immature preterm mammary gland.
The majority of peptides, by count, were derived from b-casein and most were predicted to be released by plasmin; however, most of the peptides, by abundance, were derived from a s1 -casein, and these peptides matched only to a small degree with plasmin, elastase, and cathepsin D cleavage patterns. Our manual enzyme specificity analysis predicts that a s1 -casein Table 1 . Asterisk indicates significant difference between preterm and term milk: *P , 0.05.
FIGURE 7
Proteolytic map of a s1 -casein in preterm and term human milk samples determined by mapping peptide intensities onto the a s1 -casein protein sequence. Values are means 6 SEMs; n = 32 for term milk, n = 28 for preterm milk. degradation is mainly due to carboxypeptidase B2 activity ( Figure 6 ). Forty-nine percent of the identified a s1 -casein peptides have a C-terminus that could have been created by a plasmin cleavage followed by the removal of the C-terminal lysine or arginine by carboxypeptidase B2. This sequential cleavage would explain why plasmin activity on a s1 -casein appeared to be low because our enzyme analysis program would not recognize a potential plasmin cleavage site if the C-terminal arginine or lysine was subsequently removed by carboxypeptidase B2. The abundance of those peptides that had been acted upon by carboxypeptidase B2 therefore did not contribute to the activity calculation of plasmin. To our knowledge, this study provides the first evidence that carboxypeptidase B2 may be active in human milk. In addition, we demonstrated, via our bioinformatic approach, that the predicted carboxypeptidase B2 activity is higher in preterm milk than term milk.
Potential cytosol aminopeptidase cleavages were mainly observed in peptides derived from b-casein. As shown in Table  1 , peptide cascades were used to identify probable instances of aminopeptidase activity. A disadvantage of this approach is that it ignores the possibility that cytosol aminopeptidase may have acted upon a peptide that was not obviously part of a cascade. Because cytosol aminopeptidase can cleave almost any Nterminal residue (all except K or R), it is expected to be active beyond what was identified in this study. However, we chose to use peptide cascades for aminopeptidase activity estimation because the cascades provided the most reliable evidence of sequential removal of single amino acid residues.
Previous data showed that trypsin (7) and prothrombin (40) are also present in milk. Plasmin, trypsin, and thrombin have overlapping specificities and, therefore, could not be differentiated with this method (41) . However, to our knowledge, trypsin and thrombin activity in human milk have never been demonstrated. One study (42) found that isolated trypsin from human milk is active against a trypsin substrate (benzoyl-L-arginine p-nitroanilide). The activity of isolated trypsin, however, does not imply activity within milk because milk contains a s1antitrypsin. The researchers did find degradation of the substrate in a few milk samples; however, because benzoyl-L-arginine p-nitroanilide is also a substrate for plasmin (43) , this finding does not provide good evidence for trypsin activity. Therefore, in this paper, cleavages after lysine or arginine were referred to as predicted plasmin cleavages. Some proportion of cleavages attributed here to plasmin may be due to trypsin or thrombin activity. Cathepsins B (40), H (44), and S (40, 44) have been identified in milk, but because there is no evidence for their activity, they were not included in the analysis.
Individual peptide relative quantification. The peptide peak intensities were extracted based on retention time and mass. Although strict matching criteria were employed (1 min retention time window, 20 ppm mass error), some incorrect assignments are possible. For example, a peptide with a mass similar to the library peptide (<20 ppm difference) that co-elutes with a library peptide may be assigned as the library peptide.
Functional peptides. Across lactation, a large number of functional peptides were present in both preterm and term milk with actions including antihypertensive, antimicrobial, and immunomodulatory. The release of these peptides is relevant because most milk peptides are inactive within the sequence of the intact parent protein, until they are released, and thus, activated by proteolytic enzymes (45) . For example, during the digestion of highly phosphorylated b-caseins, phosphopeptides are formed. By count, 26% of all released peptides were phosphorylated, with more than half of these multiphosphorylated. These peptides keep calcium soluble, thereby facilitating its absorption (46) . Phosphopeptides may contribute to the high bioavailability of calcium in human milk. By count, preterm and term peptides showed the same number of matches with known antimicrobial peptides, although the difference in mean abundance between preterm and term samples was statistically significant for 74.3% of the antibacterial matches.
Protein specificity. As previously shown for term milk (1, 23) , many peptides in preterm milk were derived from specific sections of the proteins osteopontin, PIGR, and a s1 -casein (Figure 7, Supplemental Figures 3 and 4) . Interestingly, the same pattern was present with both term and preterm milk, although abundances were higher in the preterm samples. This specificity in digestion of proteins may be due to properties inherent to these proteinsÕ structures, as suggested previously (1, 23) . Like term milk samples examined previously, preterm milk did not contain protein fragments from the highly abundant whey proteins lactoferrin, a-lactalbumin, and secretory immunoglobulin A. As in previous studies, we hypothesize that the presence of casein-derived peptides in such high numbers is related to the looser, rheomorphic structure of the caseins-which allows less restricted access to cleavage sites by proteases-as opposed to the more rigid, globular structures of milk serum proteins (1) . Likewise, we suspect that lactoferrin, a-lactalbumin, and immunoglobulin proteins are protected from degradation in the mammary gland by their structures, including glycosylation state. These whey proteins may also resist digestion because they do not associate with casein micelles, which are known to bind most of the milk plasmin (5) . Because these whey proteins have important functions intact-antimicrobial and immunologic functions in the gut to protect the infant from infections (47, 48) -their lack of degradation may be functionally beneficial.
Relation to infant digestion. The preterm infant, compared with the term infant, is thought to be poorly equipped for the task of protein digestion (45, 49) . For example, a previous study showed that gastrointestinal trypsin activity is lower in preterm than term infants in early life (49) . Another study showed that gut trypsin activity actually decreases with milk feeding in premature infants (50) . The high protein degradation by endogenous proteases in preterm milk might attenuate this lowered overall proteolysis. At first glance, given that premature infants <32 wk gestation rarely survived before modern medicine and supplemental feeding (51, 52) , an evolutionary relation between these factors seems unlikely. However, studies in marsupials demonstrating that significant differences between milk from the ''premature nipple'' compared to the ''mature nipple'' result in marked differences in growth of the joey (53) support the hypothesis that preterm milk may be better suited to the premature infant. The alternative hypothesis, that term motherÕs milk is the gold standard for both term and preterm infants and that preterm milk is the result of a poorly controlled enzymatic disassembly of proteins in the preterm motherÕs mammary gland, would suggest the need to develop new methods for processing term donor human milk to preserve milk proteins and peptides for premature infants. Future experiments should focus on a comparison of human milk digestion peptidomes between term and preterm infants to evaluate how closely the bioavailable peptides in the stomach of preterm infants match to the standard of the term infant.
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Such data could provide insights into methods for improving preterm infant nourishment.
